Phase II enzymes including NADPH: Quinone Oxydoreductase 1 (NQO1) and Glutathione-S-Transferase (GST) represents a major and natural cellular protection system against deleterious environmental factors which cause skin damages. Sulforaphane is one of the most popular isothiocyanates found in cruciferous vegetables and known for its cytoprotective effects by inducing Phase II enzymes. Five novel sulforaphane derivatives were synthetized and tested for their activity on NQO1 and GST induction as well as for their effect on total GSH intracellular level using colorimetric assays on human keratinocytes cell line (HaCat). As sulforaphane and the synthetized components showed variable toxicity after their evaluation by means of in vitro cytotoxicity (MTT test), cells were treated at a concentration of 5 µM during 48 hours. The results showed that the addition products of sulforaphane decreased cytotoxity but none of those derivatives had a better effect than referenced sulforaphane on Phase II enzymes. It seems that the isothiacyanate function remains important for the sulforaphane activity.
Introduction
Human skin is constantly exposed to environmental harmful factors such as heavy metals, xenobiotics and UV radiations. These factors cause damages at many molecular levels. DNA, membrane lipids and proteins are more likely to undergo these damages leading to skin diseases and cancer [1] . Fortunately, nature has given to mammalian cells natural protection mechanisms. Detoxification through Phase I and Phase II enzymes is the most important and powerful pathway to skip environmental damages. Phase I reactions may occur by oxidation, reduction, hydrolysis, cyclization and decyclization, addition of oxygen or removal of hydrogen, while Phase II reactions, known as conjugation reactions, are usually detoxicating in nature, and may involve the interactions of the polar functional groups of Phase I metabolites [2] .
Phase II enzymes, which are widely distributed in mammalian cells and tissue, include the following: NADPH: quinone oxydoreductase 1 (NQO1), which promotes obligatory two-electron reductions of quinines [3] , preventing their participation in oxidative cycling and the depletion of intracellular glutathione (GSH); glutathione-S-transferase (GST), which conjugates hydrophobic electrophiles with GSH [4] [5] . This detoxifying system is widely described in hepatic cell lines where its function is the most efficient [6] . However the impairment of detoxification systems with ageing through loss of the Nrf2 signaling pathway has been yet demonstrated [7] [8] and Phase II enzymes has been proven to be highly inducible in human keratinocytes [9] [10] .
Glutathione (GSH) is a tripeptide with a gamma peptide linkage between the amine group of cysteine and the carboxyl group of the glutamate side-chain. Glutathione exists in reduced (GSH) and oxidized (GSSG) states [11] . In the reduced state, the thiol group of cysteine donates an electron to other unstable molecules, such as reactive oxygen species and then becomes reactive itself, but readily reacts with another reactive glutathione to form glutathione disulfide (GSSG). It is a major endogenous cellular antioxidant, participating directly in the neutralization of free radicals and reactive oxygen species. GSH is known as a substrate in both conjugation reactions and reduction reactions, catalyzed by glutathione-S-transferase (GST) enzymes in cytosol, microsomes and mitochondria [11] .
Members of the cruciferous vegetable family (Brassica oleracea), which includes broccoli, Brussels sprouts, cauliflower and cabbage, accumulate significant concentrations of glucosinolates which are metabolized in vivo to biologically active isothiocyanates (ITCs) [12] . The ITC sulforaphane (1), which is derived from glucoraphanin, has garnered particular interest as an indirect antioxidant due to its extraordinary ability to induce expression of several enzymes via the KEAP1/Nrf2/ARE pathway [13] . Nrf2/ARE gene products are typically characterized as Phase II detoxification enzymes [14] [15] . Sulforaphane is small molecule with the highly reactive isothiocyanate functionality that covalently modifies cysteine residues in proteins.
A recent study [13] showed a capacity of sulforaphane isoselenocyanate analog to enhance GSH level through Nrf2 signaling pathway more efficiently than sulforaphane itself. This offered a hint for the syntheses of novel sulforaphane derivatives that can be easily produced at lower cost and present higher efficacy on GSH level and Phase II enzymes activity as both are Nrf2-dependant. Previously, sulforaphane was presented as an inducer of GST in mouse skin [16] .
In the present study, we brought to light the potent induction of Phase II enzymes NQO1 and GST by novel sulforaphane derivatives and we evaluated the intracellular GSH level with these compounds.
Materials and Methods

Purity and Stability
The purity of each synthesized compound was verified by means of NMR 1 H and HPLC-UV analysis and reached a level > 95%. HPLC analysis was performed with an Agilent 1120 series HPLC system (Agilent, Diegem, Belgium). The chromatographic system was an RX-C18 (5 µm) (4.6 mm × 250 mm) (Agilent, Diegem, Belgium) or a Discovery®C18 (5 µm) (4.6 mm × 150 mm) (Supelco, Bornem, Belgium) using the same mobile phase for all compounds: ACN-water 50:50 for 10 min. The purity given was measured by this HPLC method at their maximum wavelength absorbance (305 nm). U. V. spectra were recorded on a biochrom WPA biowave II (Analis, Namur, Belgium).
Pharmacological Assays
General
HaCat cell line was obtained from Cell Line Service (Eppelheim, Germany); DMEM F-12 and fetal bovine se-rum were obtained from Life Technologies (Gent, Belgium); DTNB, NADPH, GSH reductase, CDNB (1-chloro-2,4-dinitrobenzene), MTT, NADP, bovine serum albumine, FAD, glucose-6-phosphate, baker's yeast glucose-6-phosphate deshydrogenase, menadione, Tween 20, Tris Base, crystal violet were obtained from Sigma-Aldrich (Bornem, Belgium); DMSO was obtained from VWR (Leuven, Belgium); microtiter wells and T-25 flasks were purchased from Sarstedt (Nümbrecht, Germany).
Culture and Treatment
HaCat cells were plated at a density of 300,000 cells/T-25 flasks in 7 ml of DMEM F-12 supplemented with 10% fetal bovine serum for GST and GSH assays, or at 50,000/ml in microtiter plates for NQO1 assay. The cells were grown for 24 h in a humidified incubator in 5% CO 2 at 37˚C. They were then treated with 5 µM of each compound diluted in cell culture medium for 24 hours. For GST and GSH assays, cells were incubated for an additional 24 h after which, medium was replaced by fresh 5 µM solutions.
Determination of in Vitro Growth Inhibition
HaCat viability was determined using a colorimetric MTT (3-[4,5-dimethylthiazol-2yl-diphenyl tetrazolium bromide) assay as detailed previously [17] . For MTT test, HaCat cells were plated at a density of 50,000 cells/ml in DMEM F-12 media and incubated for 24 h at 37˚C. They were then treated with test compounds at concentrations from 0.1 to 100 µM and incubated for 72 h at 37˚C. Each experimental condition was performed in six replicates.
Assay of Glutathione-S-Transferase (GST)
A colorimetric assay using CDNB was performed to measure the GST activity. The reaction mixture consisted of 100 mM phosphate buffer saline pH 7.5; 1 mM GSH reduced; 1 mM CDNB in 2% ethanol. 280 µl of this mixture was added to 20 µl of lysate. Upon conjugation of the thiol group of glutathione to the CDNB substrate, CDNB-GSH conjugation (formation of DNP-glutathione conjugate [DNP-SG] via nucleophilic displacement of Cl with the GSH-thiol) was monitored spectrophotometrically at 340 nm for 5 min. The experiment was carried out in triplicate.
Assay of NADPH: Quinone Oxydoreductase 1 (NQO1)
Prochaska and Santamaria's method was used for the measurement of NQO1 [18] . Each experimental condition was carried out in six replicates and the experiment in triplicate (n = 18).
Assay of Total Reduced Glutathione Level (GSH)
A colorimetric assay using Ellman's reagent was used for this test. The assay employs a kinetic enzymatic recycling assay based on the oxidation of GSH by 5,5'-dithiobis(2-nitrobenzoic acid) [DTNB] to measure the total glutathione (tGSH) content of biological samples. After 24 h of treatment with the test compounds, cells were rinced twice with PBS, sonicated for 30 min and scrapped until detachment. 500 µl of the lysate was centrifuged for 5 min at 400 rpm. 100 µl of supernatant from each sample were used to perform the test and put in a 96-wells plate. 100 µl of DTNB 1.26 mM and 50 µl of GSH reductase 2.5 U/ml were added to the test samples. The plate was incubated 5 min at room temperature before adding 50 µl of NADP 0.72 mM to each sample. The absorbance was monitored directly after at 340 nm for 5 min (recording 10 time points) with an automated spectrophotometer Labsystemsi EMS Reader MF (Ramat-Gan, Israel). The experiment was carried out in triplicate.
Statistical Analysis
Data are expressed as the means ± SDev. Data obtained from independent groups (2-6) were compared to 1 by Mann-Whitney U tests. The statistical analyses were performed using Statistica software (Statsoft, Tulsa, USA).
Results and Discussion
In order to lighten up the essential role of each chemical function of sulforaphane in its chemoprotective effect, we modulated various functions and evaluated the activity of each new compound. The syntheses of these derivatives were reported in the patent WO 2012010644 A1 and all newly derivatives were structurally represented in Table 1 . a The IC50 in vitro cytotoxic concentrations of all compounds were determined with a MTT colorimetric assay after three days of culturing the HaCatcells (Cell Line Service; Eppelheim, Germany) with the respective drugs. Six data points were available for each concentration tested and nine concentrations (from 0.01 to 100 μM) were available for each cell line.
After verifying the purity and stability of the newly synthesized compounds by RP-HPLC, the IC 50 in vitro cytotoxic concentrations of all derivatives and sulforaphane (1) were determined with a MTT colorimetric assay [17] on HaCat cell line after three days of culturing the cells with the respective drugs ( Table 1) . Results showed that the replacement of the ITC function (4-6) decreases cytotoxicity on HaCat cell lines and displays growth inhibitory concentration (IC 50 ) between 27 and >100 µM comparing to ITC function which is more cytotoxic with IC 50 values between 2 and 9 µM (1-3).
All results are shown in Figure 1 . Results on NQO1 show that sulforaphane (1), as described in the literature [19] , is a good candidate for NQO1 induction with a maximal induction of 2.4 ± 0.3 at 5 µM in our test. The isothiocyanates derivatives substituted by addition products (4-6) significantly decrease the efficacy of the compound at 5 µM with respective maximal induction values of 1.8 ± 0.2, 0.9 ± 0.1 and 1.3 ± 0.1 comparing to control assay. The replacement of the methyl group with a phenyl group (2) has no significant effect while the replacement of the sulfinyl group with a carbonyl group (3) induces a significant decrease of the NQO1 induction.
The total GSH level kinetic assay was performed in order to evaluate the induction of GSH production by each compound at 5 µM comparing to an untreated control assay. We consider the induction as the ratio between assay slope and control slope. All of the derivatives tested never beat the high level of GSH retrieving in the cell treated by sulforaphane (1), i.e. 2.5 ± 0.3.
The glutathione S-transferase (GST) activity assay was then applied to these derivatives at the same concentration of 5 µM in order to compare their activity (Figure 1) . Compound 2 shows significantly better effect on GST activity than reference molecule sulforaphane (1) after replacement of the methyl group with a phenyl group. However, while replacing sulfinyl by carbonyl group, compounds 3 and 4 show closely similar effect to sulforaphane. However, when ITC function is substituted by addition products (4-6), the GST activity is weaker.
In summary, the substitution of the isothiocyanate group from sulforaphane (Z position, Table 1 ) decreases its toxicity on HaCat cell line but also generally decreases the efficacy on both GST and NQO1 induction. We see a significant higher effect on GST activity when the methyl group is replaced with a phenyl group, allowing the hypothesis that sterically hindered molecules are necessary to specifically induce GST. Indeed, this improvement is not correlated with the GSH level or NQO1 activity. In accordance with all the results, isothiocyanate Figure 1 . Determination of the induction of Phase II enzymes NQO1 and GST by sulforaphane derivatives and evaluation of the intracellular GSH level. All tested compounds were assessed at the same concentration of 5 µM on HaCat cell line. The induction value was determined by means of assay values versus untreated control. The GSH level was evaluated by recording 10 time points absorbance for 5 minutes followed by comparison of the slope between the assay and the control. Each experimental condition was performed in triplicate and the data are presented as mean ± SD values. *: p < 0.01; **: p < 0.005; ***: p < 0.0005. group seems to be essential to observe a significant effect of sulforaphane and its derivatives on both enzymes and GSH level.
